Abstract.-The insect order Diptera, the true flies, contains one of the four largest Mesozoic insect radiations within its suborder Brachycera. Estimates of phylogenetic relationships and divergence dates among the major brachyceran lineages have been problematic or vague because of a lack of consistent evidence and the rarity of well-preserved fossils. Here, we combine new evidence from nucleotide sequence data, morphological reinterpretations, and fossils to improve estimates of brachyceran evolutionary relationships and ages. The 28S ribosomal DNA (rDNA) gene was sequenced for a broad diversity of taxa, and the data were combined with recently published morphological scorings for a parsimony-based phylogenetic analysis. The phylogenetic topology inferred from the combined 28S rDNA and morphology data set supports brachyceran monophyly and the monophyly of the four major brachyceran infraorders and suggests relationships largely consistent with previous classifications. Weak support was found for a basal brachyceran clade comprising the infraorders Stratiomyomorpha (soldier flies and relatives), Xylophagomorpha (xylophagid flies), and Tabanomorpha (horse flies, snipe flies, and relatives). This topology and similar alternative arrangements were used to obtain Bayesian estimates of divergence times, both with and without the assumption of a constant evolutionary rate. The estimated times were relatively robust to the choice of prior distributions. Divergence times based on the 28S rDNA and several fossil constraints indicate that the Brachycera originated in the late Triassic or earliest Mesozoic and that all major lower brachyceran fly lineages had near contemporaneous origins in the mid-Jurassic prior to the origin of flowering plants (angiosperms). This study provides increased resolution of brachyceran phylogeny, and our revised estimates of fly ages should improve the temporal context of evolutionary inferences and genomic comparisons between fly model organisms. [Bayesian analysis; Brachycera; Diptera; divergence times; molecular systematics; 28S ribosomal DNA.] In 1984, Beverley and Wilson (1984) published a seminal work estimating divergence times for Drosophila and several other derived flies based on the assumption of a constant rate of protein evolution in larval hemolymph proteins. This early molecule-based time scale has been widely used for dating comparisons between Drosophila and other dipterans (e.g., Clark and Henikoff, 1992; Bonneton et al., 1997; Pitnick et al., 1999; Shaw et al., 2001; Bolshakov et al., 2002) . Since that time, the existence of a molecular clock has been widely questioned and empirically challenged (e.g., Gillespie, 1986 Gillespie, , 1991 Ayala, 2000) . A number of new methods have been proposed that incorporate heterogeneity of evolutionary rates over time into divergence time estimation (Thorne et al., 1998; Huelsenbeck et al., 2000; Kishino et al., 2001; Sanderson, 2002) . The revolutionary advances of genomic and phylogenetic data and methodology and the need to date precisely the age of divergences between key fly model organisms (e.g., Drosophila melanogaster, Culex pipiens, Anopheles gambiae, and Musca domestica) make it essential to revise and extend our current understanding of the time scale for dipteran lineage origins.
In 1984, Beverley and Wilson (1984) published a seminal work estimating divergence times for Drosophila and several other derived flies based on the assumption of a constant rate of protein evolution in larval hemolymph proteins. This early molecule-based time scale has been widely used for dating comparisons between Drosophila and other dipterans (e.g., Clark and Henikoff, 1992; Bonneton et al., 1997; Pitnick et al., 1999; Shaw et al., 2001; Bolshakov et al., 2002) . Since that time, the existence of a molecular clock has been widely questioned and empirically challenged (e.g., Gillespie, 1986 Gillespie, , 1991 Ayala, 2000) . A number of new methods have been proposed that incorporate heterogeneity of evolutionary rates over time into divergence time estimation (Thorne et al., 1998; Huelsenbeck et al., 2000; Kishino et al., 2001; Sanderson, 2002) . The revolutionary advances of genomic and phylogenetic data and methodology and the need to date precisely the age of divergences between key fly model organisms (e.g., Drosophila melanogaster, Culex pipiens, Anopheles gambiae, and Musca domestica) make it essential to revise and extend our current understanding of the time scale for dipteran lineage origins.
The Diptera (true flies) are among the largest radiations of terrestrial eukaryotic organisms. As for other holometabolous insect orders, major diversification of fly lineages occurred in Mesozoic environments (Yeates and Wiegmann, 1999) . Flies are arguably the most important insect order in terms of their impact on human and animal health, being the vectors of such devastating afflictions as malaria, yellow fever, and sleeping sickness. In addition, flies such as Drosophila melanogaster and Anopheles gambiae, are important model organisms for studies in genetics and development. Until recently, our knowledge of the phylogenetic histories of most major fly lineages was meager. With over 75,000 described species in more than 100 families, the brachyceran flies represent an enormous Mesozoic insect radiation. A major lineage within the order, the suborder Brachycera comprises the "higher Diptera," or flies with shortened antennae. This group includes many well-known members, such as fruit flies, horse flies, flower flies, blow flies, and house flies, and numerous less famous relatives. Despite intensive morphological scrutiny over the last 50 years, much of higher level Diptera classification remains contentious, unresolved, or untested by quantitative phylogenetic analyses (Yeates and Wiegmann, 1999) .
Recent morphological studies have fueled debate over phylogenetic relationships of the major subgroups of Brachycera (Woodley, 1989; Wiegmann et al., 1993; Griffiths, 1994 Griffiths, , 1996 Sinclair et al., 1994; Cumming et al., 1995; Zatwarnicki, 1996; Stuckenberg, 1999 Stuckenberg, , 2001 . At the core of this debate are conflicting views on the importance of specific morphological character systems, such as male genitalia and larval mouthparts, and disagreement over the interpretation of key character homologies and transformations (Griffiths, 1972 (Griffiths, , 1994 (Griffiths, , 1996 Nagatomi, 1977; Chvála, 1983; Wiegmann et al., 1993; Sinclair et al., 1994; Cumming et al., 1995) . Alternative phylogenetic hypotheses based on differing morphological interpretations have also been proposed 746 SYSTEMATIC BIOLOGY VOL. 52 (Nagatomi, 1977 (Nagatomi, , 1992 (Nagatomi, , 1996 Griffiths, 1994) . Nucleotide data bring new evidence to bear on fly phylogeny, but these data have been applied to relatively few higher level questions (Friedrich and Tautz, 1997; Wiegmann et al., 2000; Krzwinski et al., 2001; Collins and Wiegmann, 2002) .
Divergence time estimates derived from comparisons of gene sequence variation provide a valuable temporal context for cladogenesis in the absence of complete fossil histories. Progress in molecular systematics methodology and a wealth of molecular data are leading to more accurate age estimates (e.g., Sanderson, 1997; Wang et al., 1999; Adkins et al., 2001; Wikström et al., 2001) . Divergence time estimation methods that do not assume constant rates of evolution are potentially more accurate than clock-based strategies, especially when the relationships under study span a broad range of ages and taxonomic levels or have undergone one or more significant radiations. The basic idea of these new approaches is that rates of evolution tend to be more similar when branches are nearby on the evolutionary tree than when branches are more distant.
Here, we provide a new estimate of the relationships and temporal diversification of dipteran lineages. Our revised phylogenetic and age estimates are inferred from a data set that combines molecular sequence data from 28S ribosomal DNA (rDNA) with morphological character scorings from Yeates (2002) . Our results should provide new impetus and perspectives on the timing of fly diversification, the interpretation of fossil distributions, and the evolution of fly morphological innovations. In addition, they may provide for a more accurate temporal context when calibrating comparisons between fly model systems such as Drosophila and Anopheles.
Phylogeny and Fossil Record of Brachyceran Diptera
The Diptera are traditionally divided into two major suborders, Nematocera and Brachycera. The Nematocera, now widely considered paraphyletic, comprise six infraorders, the relationships among which remain uncertain (Friedrich and Tautz, 1997; Yeates and Wiegmann, 1999) . The Brachycera are a monophyletic lineage whose origins are probably in the Triassic but whose major radiations are thought to have occurred in the Jurassic. As is true for most holometabolous insect groups, the fossil record for Mesozoic Diptera is too sparse to provide precise dates for most of the clades (Hennig, 1981; Evenhuis, 1994; Labandeira, 1994; Grimaldi and Cumming, 1999) . The vast majority of fossil Diptera are found in relatively recent Cenozoic amber inclusions. However, the sample of older fossils from key brachyceran clades has recently surged (Grimaldi and Cumming, 1999; Nagatomi and Yang, 1998; Ren 1998a Ren , 1998b Mostovski and Jarzembowski, 2000) . For example, Grimaldi and Cumming (1999) described more than 25 unique fossil Diptera from Cretaceous amber and proposed placements for these taxa within the Eremoneura, the major brachyceran lineage that includes all Empidoidea and Cyclorrhapha. These amber fossils, although extremely useful within radiating clades of late Cretaceous and Tertiary flies, are not old enough to be informative at the deepest branchings of the brachyceran tree, the events that spawned most of the major groups.
Ren (1998b) described newly discovered compression fossils from the late Jurassic deposits of the Yixian Formation of China. These fossils from putative flower-associated lower brachyceran groups (e.g., pangonine Tabanidae, Nemestrinidae, and Apioceridae) significantly increased the hypothesized age of flower or anthophytic fly-flower associations and thereby potentially increase the inferred age of angiosperm origins. Doubts have been raised concerning these fossils because they indirectly infer associations from rather poorly preserved morphological structures (Grimaldi, 1999) . Nonetheless, these new fossil discoveries provide important new information about minimum clade age that can be used as calibration points for molecular divergence time estimation.
Phylogenetic estimates for the Brachycera break the group into four monophyletic infraorders: Xylophagomorpha containing the single family Xylophagidae; Tabanomorpha (8 families: horseflies, snipeflies, and relatives); Stratiomyomorpha (3 families: soldier flies and relatives); and Muscomorpha (100+ families: all remaining Brachycera) (Fig. 1) . Muscomorpha is further divided into major clades based on traditionally recognized morphological features: Heterodactyla (all brachyceran flies with setiform tarsal empodia); Eremoneura (all Empidoidea and Cyclorrhapha, 13 morphological synapomorphies); Cyclorrhapha (characterized by obtect puparia and many maggotlike larval features); and Schizophora (all Cyclorrhapha that emerge from the puparium via a head structure called the ptilinum) ( Fig. 1 ; Yeates and Wiegmann, 1999) .
The oldest clearly interpretable brachyceran fossils are Lower Jurassic (Rhagionidae, Palaeobolbomyia Kovalev, 187 million years ago [MYA]; Mostovski, 2000; Mostovski and Jarzembowski, 2000) , but a few controversial specimens push the estimate into the Lower/Middle Triassic (240 MYA; Krzeminski and Evenhuis, 2000) . Most hypotheses suggest that the four major brachyceran lineages originated contemporaneously in the Jurassic and radiated rapidly into the diverse extant forms (Grimaldi, 1999; Grimaldi and Cumming, 1999) . Recent phylogenetic analyses support this view (Fig. 1) . Evidence from molecular sequences, fossils, and morphology suggests that the major fly innovations took place in the last 20 million years of the Jurassic, with subsequent radiations-perhaps driven by ecological specialization and associations with plants or herbivoresoccurring in the Cretaceous (Grimaldi, 1999) . Interpreting phylogenetic results and applying traditional clockbased divergence time methods can be especially difficult for rapidly radiating lineages because these groups exhibit well-documented irregularities in evolutionary rates (Friedrich and Tautz, 1997; Maddison et al., 1999) . Therefore, methods that allow rates to change over time 747 FIGURE 1. Phylogeny of the Brachycera based on combined data from 28S rDNA and morphology. This is the single most-parsimonious tree found by heuristic search with tree bisection-reconnection branch swapping and 20 random additions (1,566 steps, consistency index = 0.57; retention index = 0.56). Node values are nonparametric bootstrap percentages based on 1,000 replicates. may vastly improve our understanding of brachyceran diversification.
MATERIALS AND METHODS

Phylogenetic Data Sets
We sequenced 2,600 base pairs of 28S rDNA via standard polymerase chain reaction amplification and dye terminator cycle sequencing, as described by Wiegmann et al. (2000) . Primers employed to amplify and sequence 28S rDNA are from Yang et al. (2000) and Wiegmann et al. (2000) . Sequences were obtained for 31 taxa: 2 basal dipteran taxa used as outgroups and 29 species from 23 brachyceran families. All four brachyceran infraorders are represented in these data. Taxon names, source locality, and GenBank accession numbers are listed in the Appendix. A total of 101 morphological characters were scored from systems traditionally cited as key evidence of higher level brachyceran relationships. These characters represent larval, pupal, and adult life stages, internal and external features, and male and female terminalia drawn from groundplan estimates based on consideration of both extant and fossil taxa (Yeates, 2002) . Although fossil evidence is increasingly recognized as an influential source of phylogenetic information (Grimaldi and Cumming, 1999) , comparative character data from basal brachyceran fossils is too sparse to score for inclusion in our data sets. The phylogenetic data sets and alignments are available on the Web page of B.M.W. (http://www4.ncsu.edu/unity/users/b/bwiegman/ public html/align.html) and are archived in the EMBL alignment database and TreeBase (SN1487; http://www.treebase.org).
Sequence Alignment, Phylogenetic Analysis, and Branch
Length Estimation Nucleotide sequences were aligned manually with the on-screen multiple alignment editor of Genetic Data Environment 2.2 (Smith et al., 1994) . Highly lengthvariable regions of the 28S rDNA in which ad hoc placement of gaps could affect the phylogenetic outcome were excluded from analyses. Edges of these alignmentambiguous regions were set by inspection as the last 748 SYSTEMATIC BIOLOGY VOL. 52 invariant site that preserves adjacent positional homology without the insertion of a gap. Because our morphological scorings are groundplan estimates for higher level taxa, we combined data sets by appending the morphological scorings to the species sampled for nucleotides, thereby assuming that the individual species sampled unambiguously represent their noncontroversial higher level grouping. For example, the two sequenced tabanid species were given identical morphological scorings from Yeates (2002) . The phylogenetic data included 2,220 characters from the 28S rDNA (608 variable and 294 parsimony informative among all taxa; 493 variable and 296 informative within Brachycera) and 101 morphological characters (Yeates, 2002) . Phylogenetic analysis of the combined data set was carried out via parsimony with the program PAUP* 4.0 (version b8, Swofford, 2001) . Character transformations were treated as unordered for nucleotides and morphology, and alignment gaps were treated as missing data for consistency among parsimony and Bayesian analyses of the data set. For parsimony searches, shortest trees were found by heuristic search with tree bisection-reconnection (TBR) branch swapping and 20 replicate random taxon additions. Bootstrap values were obtained with 1,000 replicate heuristic searches with TBR branch swapping and 20 replicate random taxon additions (Felsenstein, 1985) .
Divergence Time Estimation
Software implementing our Bayesian method for divergence time estimation is freely available at http:// statgen.ncsu.edu/thorne/multidivtime.html. This method for divergence time estimation relies on a stochastic model for changes of evolutionary rate over time (Kishino et al., 2001 ; see also Thorne and Kishino, 2002) . To disentangle the evolutionary rates and times that are confounded when branch lengths are inferred, the method obtains divergence time estimates by combining sequence data with information such as constraints on node times that are due to fossil data. The method requires an assumed topology. Here, the topology of Figure 1 was assumed because we deemed it the best current working hypothesis based on quantitative analysis of all available data Yeates, 2002) .
To estimate branch lengths on the inferred topology, a discretized gamma distribution with five rate heterogeneity categories (Yang, 1994) was used in conjunction with the Felsenstein 1984 model of nucleotide change (see Felsenstein, 1989) . This treatment was selected because it is a reasonable compromise between biological reality and the computational tractability concerns that can arise in Bayesian analyses. Version 3.0c of the PAML software (Yang, 1997 ) generated maximum likelihood estimates of the amount of rate heterogeneity among sites as well as maximum likelihood estimates of the transition/transversion ratios and nucleotide frequencies. Given these estimated parameters, our own software was employed to approximate the likelihood surface with a multivariate normal distribution centered at the maximum likelihood estimates of branch lengths (see Thorne et al., 1998) . This multivariate normal approximation requires much less computation than does calculation of likelihoods via the pruning algorithm of Felsenstein (1981) . Computational tractability is an important concern because the likelihood needs to be evaluated or approximated for each of the millions of sets of rates and times that are considered in our Markov chain Monte Carlo (MCMC) procedure (see below).
Our Bayesian method requires the specification of prior distributions for parameters. Specifically, prior distributions are required for the rate at the ingroup root, the node times, and a parameter that determines on a log-scale the expected amount of rate change per unit time. For the node time prior, there can be as few as one, but the more nodes specified the better. In each case, we selected prior distributions that were biologically plausible but otherwise vague.
Unless otherwise specified, the prior distribution for the rate at the ingroup root node for all analyses presented here was a gamma distribution with a mean of 0.02 and an SD of 0.015 changes per time unit, where 1 time unit in this analysis represents 100 million years. The mean of this prior distribution was selected by examining the sum of the estimated branch lengths separating an ingroup tip and the ingroup root. Although this sum varies widely among ingroup tips in this data set, the median value is very roughly 0.04 expected substitutions per site. Because branch lengths are rates multiplied by time durations and because the time since the ingroup root was believed a priori to be about 200 million years (i.e., 2.0 time units), the prior mean of the ingroup root rate was set at 0.02. This inspection of branch lengths to set priors is technically a violation of the definition of a prior as representing beliefs before data analysis. For this reason, we intentionally set the SD of the prior for the ingroup root rate (0.015) as large relative to the mean.
The assumption our Bayesian method makes about rate change is that the logarithm of the rate at the end of a branch has a normal distribution such that the expected rate at the end of the branch is equal to the rate at the beginning of the branch. The variance of this normal distribution is the product of the time duration of the branch and the rate change parameter. The average rate on a branch is assumed to be the mean of the rates at the nodes that begin and end the branch. The Bayesian method can analyze data with the constant rate assumption of a molecular clock by setting the rate change parameter equal to zero. Unless otherwise specified, for all analyses presented here where rates were allowed to change over time the prior distribution that we selected for this rate change parameter was a gamma distribution with mean and SD both equal to 0.5. Choice of this prior for the rate variation parameter was influenced by previous analysis of simulated and real data sets. In practice, we have found that a value of 1 or 2 for the product of the prior mean for the rate variation parameter and the prior mean for the number of time units since the ingroup root yields satisfactory divergence time estimates in a wide 749 range of cases (J.L.T., pers. obs.). Our decision to set the prior SD equal to the prior rate was also motivated by previous experience.
Divergence time estimation from molecular sequence data is improved by calibration from external dating information provided by fossils or other sources. In our Bayesian implementation, information external to the molecular sequence data is represented by constraining node times on the phylogenetic tree. Individual node times can be constrained so as to be either earlier or later than some specific date. Five constraints on node times were employed in this analysis. We used four fossilbased dates for minimum clade age estimates and added one maximum age constraint (Fig. 3) . The maximum and minimum bounds on the date of origin of the Brachycera were set at 250-187 MYA, extending well into the Triassic. This maximum is 10 million years earlier than any postulated fossil evidence or hypothesis for Brachyceran origins but is within the hypothesized origin of the Diptera (Triassic; Hennig, 1981) . The minimum age, 187 MYA, is based on a number of unequivocally brachyceran fossils from the Lower Jurassic of China, Siberia, and England (reviewed by Evenhuis, 1994; Grimaldi and Cumming, 1999) . The remaining minimum clade ages used were 170 MYA for Bombyliidae (Palaeoplatypygus, Siberia; Kalugina and Kovalev, 1985) , 120 MYA for Cyclorrhapha, (Chimeromyia, Lebanon; Grimaldi and Cumming, 1999) , and 70 MYA for Schizophora (Cretaformia, Canada; McAlpine, 1970) .
For all sets of node times that satisfy the constraints, the software requires specification of how likely the node times are a priori. In the absence of constraints, this prior distribution would have two parts (see Kishino et al., 2001) . The first part would be a gamma distribution for the time since the ingroup root. We adopted a gamma distribution with a mean of 200 million years and SD of 15 million years. The second part would be a Dirichlet distribution modified to tree structures that defines the proportion of times between tips and internal nodes relative to the time between tips and the ingroup root. Because the prior distribution for node times is conditional upon the constraints and therefore must satisfy them, the prior distribution becomes more complicated and needs to be approximated (see Kishino et al., 2001) .
The MCMC method was employed as described by Kishino et al. (2001) to approximate both prior and posterior distributions. Here, initial parameter values were randomly selected to initialize the Markov chain, and then a burn-in period of 100,000 cycles of proposed changes to the current state of the Markov chain was completed before parameters were sampled from the chain. Thereafter, the state of the Markov chain was sampled every 100 cycles until a total of 10,000 samples had been collected. Prior and posterior distributions were approximated based upon the 10,000 samples.
MCMC approaches would be guaranteed to perfectly approximate the distributions of interest if the Markov chains could be run for an infinite amount of time. There are various diagnostics available to determine whether the chains have been run long enough to give a good approximation. In our opinion, the most simple approach and one of the best is simply to repeat the MCMC procedure multiple times from different starting points and then determine whether the approximations obtained by different repetitions are sufficiently similar to one another. The variability of approximations among repetitions is known as Monte Carlo error, and techniques exist for quantifying this variability. However, visual inspection of our results indicates that this Monte Carlo error is small. Different MCMC runs tend to give us about the same answer for the first three significant figures of most parameters.
Therefore, convergence of the Markov chain was assessed for each analysis by subsequently running another Markov chain from a different randomly selected initial state and then verifying that the posterior distribution approximations based upon the first and second MCMC analyses were highly similar. Although the analyses assuming a molecular clock converge more slowly than do the analyses used to approximate the posterior in the presence of rate variation over time, all of the Markov chain analyses appear to have yielded satisfactory approximations of the distributions of interest.
One key issue with this and any divergence time analysis is robustness. To explore robustness, we investigated all 12 combinations of three diverse prior distributions for the rate at the ingroup root and four diverse prior distributions for the rate variation parameter. The three ingroup root rate priors explored were a gamma distribution with a prior mean of 0.002 and prior SD of 0.0015, a gamma distribution with a prior mean of 0.02 and SD of 0.015, and a gamma distribution with a prior mean of 0.2 and SD of 0.15. For the rate variation priors, we explored the case of a perfect clock (i.e., no rate variation allowed), a gamma distribution with a mean of 0.05 and SD of 0.05, a gamma distribution with a mean of 0.5 and SD of 0.5, and a gamma distribution with a mean of 2.0 and SD of 2.0.
Because a limitation of our divergence time estimation software is that it assumes a known topology, we explored the effect of other plausible topologies on our estimates of key divergence dates. In addition to the topology from the combined data, we also obtained topologies from parsimony and from Bayesian analyses of the 28S rDNA data set alone (Fig. 2) . The Bayesian analyses of the nucleotide data were carried out with the program MrBayes 3.0B4 (Huelsenbeck and Ronquist, 2001 ) under the HKY + gamma model of nucleotide substitution with the shape prior for rate variation being a uniform distribution between 0.1 and 50, nucleotide frequencies being empirically estimated, and the transition/transversion rate ratio prior set to beta (1.0, 1.0). For each of several runs from different randomly selected starting points, the Bayesian analysis was run for 1 million generations and sampled every 1,000 generations.
For each MCMC analysis, four chains were simultaneously run, one cold and three incrementally heated. Plots of log-likelihood scores versus generation time indicated that a burn-in of 200,000 generations was satisfactory. Sample points prior to this burn-in level were discarded. Comparison of the approximate posterior distributions for the different MCMC analyses indicated that convergence of the cold Markov chain to its stationary distribution had been achieved.
RESULTS AND DISCUSSION
Basal Relationships of the Brachycera
Parsimony analysis of the combined molecular and morphological data set yielded a single mostparsimonious, minimum-length tree (Fig. 1) . Relationships inferred from this tree are consistent with those from recent morphological (Yeates, 2002) and molecular analyses and agree in large part with expected relationships from traditional morphology-based classifications (Griffiths, 1994; Sinclair et al., 1994; Yeates and Wiegmann, 1999) . There is >80% bootstrap support for the monophyly of the Brachycera and for the monophyly of the four brachyceran infraorders: Stratiomyomorpha, Xylophagomorpha, Tabanomorpha, and Muscomorpha. Support is also strong for most of the higher level groupings, including the Xylophagomorpha + Tabanomorpha, and four morphologically well-supported clades in brachyceran classification: Heterodactyla, Eremoneura, Cyclorrhapha, and Schizophora (Woodley, 1989; Yeates and Wiegmann, 1999; Yeates, 2002) (Fig. 1) . The Asiloidea (Bombyliidae, Asilidae, Apioceridae, Mydidae, Therevidae, and Scenopinidae) is not monophyletic, and support for relationships among these families is low (Yeates, 2002) . Analysis of the combined molecular and morphological data weakly favors a monophyletic basal lineage of (Stratiomyomorpha(Xylophagomorpha + Tabanomorpha)), hereafter called the SXT clade. This arrangement was also found in a recently published morphology-based analysis and is supported by a fusion of the thoracic ganglia . The limited support for this grouping in both molecular and morphological data cannot rule out potential alternatives such as Stratiomyomorpha or Xylphagomorpha + Tabanomorpha as the basal brachyceran lineage. For example, parsimony analysis of the aligned 28S rDNA data yielded the single mostparsimonious topology of Figure 2a . This tree shows weak support for a basal position for the Stratiomyomorpha and also differs in the arrangement of asiloid families (Fig. 2a) . The Bayesian analysis of the 28S data alone indicates that these data do not contain strong support for any single fully resolved topology. The two Bayesian trees that we used to perform divergence time estimates (Figs. 2b, 2c ) each had posterior probabilities of 751 approximately 0.017, and no topologies were recovered that had higher estimated posterior probabilities. Both topologies contain the SXT clade, but overall support for this grouping is low. Figure 3a shows the prior distribution of divergence times as approximated by our MCMC method. The prior distribution for node times was intentionally set to be diffuse. The fact that the posterior distributions of divergence times for the constant rate analysis (Fig. 3b) and the variable rate analysis (Fig. 3c) are less variable than the prior distribution of divergence times can be attributed to the information contained within the brachyceran 28S data set. As shown in Figure 3 , the width of credibility intervals for node times is influenced by the proximity in the tree to constraints. Nodes that are themselves constrained or that are near constrained nodes tend to have more narrow credibility intervals than do other nodes. This relationship is expected because the ability to constrain node times in one part of the phylogeny indicates that more information regarding these node times exists in these areas than in parts of the tree where constraints are absent.
Posterior Distributions of Node Times
The time estimates ranged between 48 and 216 MYA for the nonclock Bayesian divergence time estimation and between 81 and 214 MYA for the Bayesian divergence time estimation with a clock (Figs. 3b, 3c ; Table 1 ). Although the null hypothesis of a constant rate of evolution for these 28S rDNA data is rejected (P < 0.001) by conventional likelihood-based tests (see Felsenstein, 1981; Muse and Weir, 1992) , the date estimates for most nodes do not substantially differ under clock and nonclock assumptions. Only for a couple of nodes (e.g., Drosophila/Musca, 48 MYA nonclock vs. 86 MYA clock) does the assumption of a constant rate throughout the tree have a recognizable effect on divergence time estimation. We expect that our application of multiple constraints across the tree may have dampened any recog- Brachycera 216 (194, 241) 214 (192, 238) 222 (199, 245) 218 (195, 242) 216 (194, 240) 187 (208) 200 Muscomorpha 216 (194, 241) 214 (192, 238) 216 (193. 239) 218 (195, 242) 216 (194, 240) 144 198 Stratiomyomorpha 204 (176, 232) 199 (172, 228) 222 (199, 245) 192 (159, 223) a Posterior means for Bayesian divergence time estimates are followed in parentheses by 95% credibility intervals. b Evenhuis, 1994 . c Nagatomi and Yang, 1998 . d Grimaldi, 1999; Grimaldi and Cumming, 1999. nizable effect an assumption of rate homogeneity would have on time estimates in unconstrained branches. As a first step in estimating divergence times from molecular sequence data and fossil information, it may be tempting to apply conventional sequence-based tests of the null hypothesis that rates are constant over time. If the null hypothesis is not rejected, the next step would be to estimate divergence times via methods that assume a constant rate (e.g., Kumar and Hedges, 1998 ). We do not recommend such a procedure because failure to reject the null hypothesis does not mean the null hypothesis is true and because the power and reliability of commonly applied methods, such as the relative rates test, have been questioned (e.g., . Moreover, conventional sequence-based tests of the constant rate hypothesis are not designed to indicate when the constant rate assumption conflicts with fossil information.
Our divergence time estimates agree in large part with the fossil record of flies but generally push age estimates older than previous inferences (Table 1 ). There has been some debate over the inferred age of the Brachycera. Krzeminski (1992) considered the extinct late Triassic family Alinkidae (208 MYA) to be the oldest known true representative of the suborder, but Grimaldi and Cumming (1999) were more skeptical, favoring instead the tabanomorphan fossil Paleobolbomyia (187 MYA) as a more clearly interpretable early brachyceran. The 28S data support an older date for Brachycera, well within the Triassic (Table 1) , perhaps lending plausibility to pre-Jurassic forms such as Alinkidae. Additionally, the most-parsimonious topology and date estimates suggest that the initial diversification of Brachycera was a late Triassic split into two separate monophyletic lineages, the SXT clade and the Muscomorpha, with the latter group eventually containing the bulk of all further fly diversification. As mentioned above, support for the SXT grouping is weak in both morphology and molecules, and so estimated dates of origin for the three infraorders (SXT) based on the current data are 752 SYSTEMATIC BIOLOGY VOL. 52 FIGURE 3. Estimated divergence times for lower brachyceran clades. Time units are hundreds of millions of years before present. The red vertical line through each node shows the time interval that contains 95% of the probability for the node age. Horizontal node positions represent the means of the probability distributions for node ages. Thick blue horizontal lines represent constraints on node times. These lines are centered around the node being constrained, and their vertical placement represents the age value of the constraint. A blue line above a node is its minimum age constraint, and a blue line below a node represents a maximum age constraint. (Table 1) .
Within the Muscomorpha, nearly all of the major lineages are estimated to have appeared between 180 and 140 MYA. Given the large taxonomic, morphological, ecological, and behavioral diversity of these groups, it seems clear that the Jurassic was the major period of innovation for Diptera. Our dates are generally congruent with those inferred from the phylogenetic hypotheses of Grimaldi and Cumming (1999) and are consistent with fossil evidence (Evenhuis, 1994; Nagatomi and Yang, 1998; Krzminski and Evenhuis, 2000) . Beverley and Wilson (1984) provided a Cretaceous age for the Schizophora (65-135 MYA) based on larval haemolymph protein evolution. Our new method generally agrees with dates obtained by Beverley and Wilson (1984) but results in narrower bounds on the origin of the Schizophora within the Upper Cretaceous (74-98 MYA). Relationships among schizophoran families are still too poorly resolved to fully evaluate and sharpen the date for the Drosophila/Musca split (Yeates and Wiegmann, 1999) .
Robustness of Divergence Time Estimates
As indicated by the entries of Table 1 , the divergence time estimates of key clades were not substantially affected by minor changes in the topology derived from various analyses of the data sets. This robustness was expected because the regions of topological uncertainty in the phylogeny tend also to be regions where branch length estimates are short and where time durations separating successive nodes are probably short. As long as even a little rate variation over time is permitted, the posterior distribution of node times is not very sensitive to the specific combination of the prior for the ingroup root rate and rate variation parameter (Table 2) . However, when a constant rate of evolution is enforced, divergence time estimates can be more substantially affected . The insensitivity to the prior distribution for the other cases is reassuring because it is sometimes difficult to quantitatively summarize prior expectations about ingroup root rate and the rate variation parameter.
Evolution of Flies and Angiosperms
Our analysis suggests that the major brachyceran lineages were likely already established by the time of the first appearance of flowering plants (angiosperms) but that the origin and diversification of the Cyclorrhapha in the Tertiary is likely contemporary with many of the major diversifications within angiosperm lineages (Magallón and Sanderson, 2001; Wikström et al., 2001) . Fossil-based estimates suggest that angiosperms first appeared in the Lower Cretaceous (132 MYA; Hughes, 1994; Crane et al., 1995) , but recent molecular phylogenetic estimates of divergence times indicate that the group could be much older (158-179 MYA; Wikström et al., 2001) . Our results suggest that the earliest brachyeran Diptera (SXT clade, Fig. 1 ; ca. 7,000 species) appeared in the late Triassic (220 MYA) but with Muscomorpha (ca. 75,000 species) TABLE 2. Effect of prior distributions for rate variation parameter and ingroup root rate on posterior distributions for node times and rate variation parameters. The tree of Figure 1 was analyzed with a variety of prior distributions for the rate variation parameter and the ingroup root rate. Each group of four entries corresponds to a specific combination of prior for the rate variation parameter and the ingroup root rate. For each group of four lines, the estimated posterior mean is followed in parentheses by the estimated 95% credibility interval. The four values presented for each treatment are respectively the estimated divergence times for Musca/Drosophila, Tabanidae/Pelecorhynchidae, Nemestrinidae/all other Muscomorpha, and the rate variation parameter.
Ingroup root rate b
Rate variation parameter a a The row labels show the prior distribution for the rate variation parameter. The first row (Clock) is the case where rates do not vary over time. The remaining three rows show the mean (SD) of the gamma distributed prior for the rate variation parameter.
b Column heads are the gamma distributed prior for the ingroup root rate with the mean followed by the SD in parentheses.
having its origin at about the same time as the oldest estimates for angiosperms. The greatest diversity in Muscomorpha begins with the Asiloidea (paraphyletic on our tree, 12,000 species) in the Jurassic and peaks within the Schizophora in the Tertiary between 65 and 20 MYA, a period of major expansion for fly hosts and habitats, including angiosperms, grass biomes, and ungulates (Blagoderov et al., 2002) . These recent hypotheses for the origin of the angiosperms (e.g., Wikström et al., 2001 ) also correspond with the origin and diversification of the Eremoneura, particularly the basal Cyclorrhapha. The hypothesis that coevolution of angiosperms and their insect pollinators is the engine of diversity for both groups has been strongly challenged in recent times (Labandeira and Sepkoski, 1993; Gorelick, 2001) .
The earliest evidence of insect adaptation to flower feeding is in the Upper Jurassic (144-156 MYA; see Grimaldi, 1999) . Our analysis puts the origin of the Nemestrinidae prior to this, in the Upper Triassic, 210 MYA. Grimaldi (1999) postulated that a long proboscis and pollen feeding behavior originated in the Upper Cretaceous and that nemestrinids were the first insects to be adapted to flowers. These early nemestrinids may have fed on flowerlike structures of Jurassic Bennettitales and gnetaleans (Grimaldi, 1999 (Beverley and Wilson, 1984; Grimaldi and Cumming, 1999) .
b Dates based on Bayesian divergence time estimates reported in the current study and the topology of Figure 1 .
c Phylogenetic position of Anopheles (Culicomorpha) is uncertain among basal nonbrachyceran lineages (Yeates and Wiegmann, 1999) ; estimate based on hypothesized age of common ancestry for Brachycera and basal diptera ("Nematocera").
d Krzeminski and Evenhuis, 2000; Yeates and Wiegmann, 1999. preadapting them for their more recent associations with long-corolla flowers. Detailed phyologenetic analyses coupled with comparative investigation of key morphological features within flower-associated lineages of flies, such as Nemestrinidae, pangonine Tabanidae, and many Bombyliidae and Empididae, will ultimately be required to fully test assertions that ecological associations between insects and plants had a direct causative effect on the stunning macroevolutionary success of both.
Implications of Revised Dates for Genetic Comparisons Between Drosophila and Other Diptera
We have extracted from our results a set of divergence time estimates between fly lineages (Table 3) . These estimates may serve as a guide to the antiquity of genetic comparisons between dipteran model organisms. This taxonomically extensive, revised time scale is an attempt to free dipteran age estimates from a tradition of conjecture and from the biologically dubious assumption of a molecular clock. This time scale represents our best efforts to provide dates for comparisons that are necessitated by the breadth of research done on Diptera. As dipteran genomes are completed, increased phylogenetic resolution and revised divergence time estimates will be critical for establishing a precise chronology upon which to base our understanding of the development, neurobiology, population genetics, and comparative genomics of Drosophila and other flies.
